Acidity affected which members of an indigenous soil population of Rhizobiulm trifolii nodulated Trifolium subterraneum L. cv. Mt. Barker. In three experiments involving plants grown either in mineral salts agar adjusted to pH 4.8 or 6.8 and inoculated with a soil suspension or grown directly in samples of unamended soil (pH 4.8) or soil amended with CaCO3 (pH 6.4), 121 of 151 isolates of R. trifolii were placed into four serogroups. Seventy-nine of these isolates were placed into two serogroups (6 and 36) whose nodulating ability was affected by the pH of the plant root environment. Representatives of serogroup 6 occupied the greatest percentage of the nodules at the low pH in both mineral salts agar (77%) and in unlimed soil (47 and 57%). The same serogroup was a minor nodule occupant at the higher pH in mineral salts agar (0%) and in limed soil (0 and 10%). In contrast, serogroup 36 was virtually absent in nodules formed at the low pH, whereas it was the dominant serogroup at the higher pH in both mineral salts agar (32%) and in limed soil (35 and 49%). Despite the isolates from within each serogroup being antigenically identical, separation of cellular proteins by sodium dodecyl sulfatepolyacrylamide gradient gel electrophoresis revealed four and six different gel types within serogroups 6 and 36, respectively. Isolates represented by one or two gel types dominated the contribution of each serogroup to the nodule population. Further evidence for differences between isolates within each gel type were revealed from measurements of symbiotic effectiveness.
Inhibition of the growth of tropical and temperate legume species by soil acidity is well documented. Legume nutrition per se can be inhibited by soil acidity-related factors such as excessive levels of hydronium, manganese, and aluminum ions and deficiencies of calcium, phosphorus, and molybdenum (7, 19) . Evidence has been presented that many legumes are more sensitive to acidity when dependent on N2 fixation than when grown on combined nitrogen (2). This has been explained as being due to the sensitivity to acid conditions of either nodule function (21, 22) or the initiation and development of nodulation (14, 18) . It is not surprising, therefore, that amelioration of soil acidity with lime is often (though not always) beneficial to the growth of many legumes (20) . Indeed, even small amounts of lime drilled into acid soils with inoculated seeds of red (1) and subterranean (15) clovers can be as effective at stimulating nodulation as 50 times the amount of lime applied to the bulk soil. Amending acid soils with lime has been shown to enhance the survival and multiplication of Rhizobium trifolii both in the absence (38) and in the presence (8, 17, 31) of the host plant. Circumstantial evidence has been presented that soil acidity can influence selective nodulation within a soil-borne population of R. trifolii. It was shown that a higher percentage of effective isolates was found in nodules on uninoculated plants of white clover (Trifolium repens) sown into limed soil than was found in unlimed soil (11) . Studies performed with mineral salts agar under bacteriologically controlled conditions showed that acidity influences the relative numbers of nodules formed by an equal mixture of an effective and an ineffective strain of R. trifolii. In contrast to the field studies cited above (11) , the effective strain formed the majority of nodules at the lower pH values, whereas the ineffective strain made up the majority at the higher pH values (10, 32) . The Barker were sown into each pot, which was covered with a plastic petri dish lid. The pots were placed under the glass house conditions described above. After 10 days, the lids were removed, and the soil was amended with sterile water as required to maintain a water potential of 30 kPa. The plants were thinned to one per pot 4 weeks after sowing. Twelve weeks after sowing the plants were removed, the roots were washed off in distilled water, and as many nodules as possible were recovered from the tap root and lateral root systems of the two plants from each of the soil treatments. Experiment 2 differed only in that three pots of soil were used for each treatment so that a larger collection of nodules, and subsequently isolates, could be obtained.
Isolation of R. trifolii. The nodules from each experiment were surface sterilized and squashed, and the contents were streaked onto plates containing yeast extract-mannitol medium (36) . Single colonies were picked, restreaked, and transferred to agar slants and grown at 30°C before storage. The symbiotic effectiveness of the isolates was determined by inoculating 1-week-old seedlings of subclover cv. Mt. Barker with 5 x 108 cells of each isolate. Nitrate-fertilized plants were used as controls and received 3 ml of a sterile solution of 18 mM KNO3 at 7 and 21 days after inoculation. The seedlings were arranged in a randomized complete block design with four replicates of each isolate. After 35 days of growth under the conditions described above, the shoots were removed, dried at 60°C for 10 ml of a trace element mixture (3). The pH of each medium was adjusted to pH 6.8 before autoclaving.
(ii) Preparation of cell extracts. Each isolate was grown in 40 ml of MGA at 30°C to the late exponential phase of growth (optical density at 560 nm, 0.8; equivalent to 6 x 108 cells per ml). Cultures were harvested by centrifugation at 4°C for 20 min at 25,000 x g. Cell pellets were washed three times in ice-cold 10 mM Tris-hydrochloride, pH 7.6, with centrifugation steps between washes. The final cell pellet was resuspended in 0.5 ml of the same Tris buffer and disrupted by 10 cycles of rapid freezing in liquid nitrogen followed by thawing. Then, 0.5 ml of sample buffer (13) was added to each suspension and incubated at 30°C for 2 h, and the extracts were stored at -20°C before electrophoresis.
(iii) Gel electrophoresis. The cell extracts were thawed, mixed, and centrifuged for 3 min in a Beckman model B microcentrifuge. Ten-to twenty-microliter (30 to 60 ,ug of protein) samples of each supernatant were subjected to slab gel electrophoresis in a sodium dodecyl sulfate (SDS)-Tris-glycine buffer system as described by Laemmli (13) . A microslab system was used in an apparatus similar to that described by Matsudaira and Burgess (16) . Gel slabs (0.8 mm thick) were cast between two large microscope slides (10 by 8 cm; A. H. Thomas Co., Philadelphia, Pa.). The resolving gel (8 by 6 cm) was composed of a gradient from 9 to 15% (wt/vol) acrylamide. The stacking gel (8 by 1.5 cm) was 5% (wt/vol) acrylamide. Gels were electrophoresed at 4°C for 60 min with an initial voltage of 200 V and a current of 0.025 A. After completion of electrophoresis, the gels were stained and destained by the rapid procedure of Matsudaira and Burgess (16) . Gels were recorded on photographs and dried for storage.
(iv) Serological analysis. Portions (42 ,ul) of nondiluted antisera were pipetted into the center wells (4-mm diameter), and 85 RI of the antigens was placed into the outer wells (5-mm diameter). The plates were incubated at room temperature in a sealed humidified atmosphere. The development of precipitin lines was monitored over 2 to 3 days. Data were recorded photographically by using dark-field indirect illumination.
Chemicals. Acrylamide, bisacrylamide, N,N,N',N',-tetramethylethylenediamine (TEMED), ammonium persulfate, SDS, Coomassie brilliant blue R250, and 3-mercaptoethanol were purchased from Bio-Rad Laboratories, Richmond, Calif. Tris, glycine, agarose, and standard proteins were purchased from Sigma.
RESULTS
The data presented in Table 1 ' Isolates in this group cross-reacted with antisera 6 and 27 in the tube agglutination reaction.
CIsolates which did not react with any of the four antisera available.
the nodule population at the low pH, where it accounted for 77% of the total isolates, it was completely absent at pH 6.8. In contrast, serogroups 27, 6/27, and 36 were only present at the higher pH, making up 23, 23, and 32%, respectively, of the total isolates. Only serogroup 16 was found at both pH values and was a minor component in both cases.
The impact of acidity upon the composition of the nodule occupants was confirmed in two more experiments where plants were grown directly in larger quantities of the soil and where the acidity change was brought about by an application of CaCO3.
Data presented in Table 2 show that serogroup 6 was the dominant serogroup present in the nodules formed in the unamended soil in both experiments, occupying 47 and 58% of the nodule population. In contrast, serogroup 36 occupied 0 and 8% of the nodules in the same soil treatment. In the limed soil, the situation was reversed, with serogroup 36 being the dominant (experiment 2), or one of the dominant (experiment 1), serogroups, occupying 49 and 35% of the nodules, whereas serogroup 6 occupied 0 and 10% of the nodules. Serogroups 16 and 27 were also represented in both of the soil core experiments. Although the numbers of isolates (Fig. 2B ) and only one isolate from serogroup 6 showed no immunoprecipitin reaction ( Fig. 2A) , the number of isolates represented by each gel type did vary. Data in Table 3 they were present at a level slightly greater than isolates with gel type a in experiment 2. No gel type of serogroup 36 was common to both experiments; gel types e and i were dominant in experiments 1 and 2, respectively.
Data presented in Table 4 show the symbiotic effectiveness of isolates from serogroup 6 as they relate to gel type. Isolates from within the same gel type showed various degrees of effec- (30, 39) and with T. repens/Rhizobium trifolii (6) . Effects of acidity have only been seen previously in pHadjusted mineral salts agar by using high cell densities (107 cells per ml) of a simple mixture of two strains of R. trifulii (10, 32) .
By using SDS-PAGE to obtain protein profiles of the isolates from within the serogroups, we showed that isolates within the two major serogroups, 6 and 36, are heterogeneous despite their antigenic identity. This confirms the observations of others, working with R. japoniclum, that serological identity does not necessarily imply that isolates are unequivocally identical (4, 12, 23) . Our observation that isolates represented by a specific gel type from within a multigel type serogroup can dominate the contribution of that serogroup to the nodule population suggests that studies of the population dynamics of rhizobia, either in soils or in nodules, by using serological means will not illustrate the variations in population size of the strains within the serogroup. In the case of serogroup 6, isolates with the common gel type a were found in the nodules from both soil core experiments, indicating that isolates with this gel type may truly reflect a strain widely distributed within this soil and yet only highly competitive under acidic conditions. Obviously, such isolates are candidates for further studies on the mechanisms and factors which affect competition.
The variations among symbiotic effectivenesses of isolates that were identical by antigenic determinations and by one-dimensional protein profile patterns confirm other observations, which showed that the serological stability of subcultures of a strain and the serological identity of different strains of R. trifolii, was often at variance with differences among the symbiotic effectivenesses of the same strains (24, 34, 35 There is a differential proliferation of the members of the serogroups due to amelioration of soil acidity and this occurred before, or independent of, the host plant presence (38) . (ii) Differential proliferation is dependent on the presence of the host (or nonhost) plant through changes in the quality or quantity or both of root exudates as a result of changes in soil acidity (8, 11, 17, 31) . (iii) The change in serogroup dominance is independent of proliferation and due to events associated directly with the site of infection and nodule initiation. Evidence for the latter possibility has come from research into the competitive dominance of strains of R. japonicum and Rhizobilim phaseoli, which has led to skepticism of the theory of legume host-specific stimulation of rhizobia (25) (26) (27) . Further research on the dynamics of the soil-borne and rhizosphere populations of these two acid-responsive serogroups will allow us to address these possibilities.
